Abstract: An 11-channel 1-GHz bandwidth silicon photonic AWG was fabricated and measured in the lab. Two photonic architectures are presented: (1) RF-envelope detector, and (2) RF downconvertor for digital systems. The RF-envelope detector architecture was modeled based on the demonstrated AWG characteristics to determine estimated system-level RF receiver performance.
Introduction
The proliferation of commercial and military radio frequency (RF) applications and components has made the RF spectral environment dynamic and congested especially in the frequency range of 2 to 18 GHz. Near-term commercial 5G deployments will employ a range of frequencies, including the already-allocated 28 and 37-40GHz bands with potential future bands at 33, 50, 70-80, and the unlicensed 60 GHz. Spectral expansion will continue to increase as mobile wireless traffic is expected to exhibit cumulative (global) annual growth rates above 55% through 2030 [ITU-R M.2083].
Communication and radar systems are prevalent sources of high power RF transmissions. Radar systems (e.g. air traffic control, weather, military, etc.) exhibit a broad range of functions and operate at different RF center frequencies, operational bandwidths, and pulse modulation formats to optimize performance for a given function. The identification and knowledge (situational awareness) of radar systems in the area and the intent of that radar is of critical importance to airborne receiver systems. Figure 1 illustrates how the signal processing engine of a radar receiver may view a "congested" spectrum. Difficulties arise, for example, when a civilian air traffic control radar (brown) is confused with a telecommunications signal (light blue). This confusion is not desirable, but it is also not a critical error. False positives, such as identifying potential lethal systems that are in actuality civilian (light orange), can cause resources to be unnecessarily expended. The extreme case (red) arises when a potentially lethal system is mistaken and set as a lower priority or not selected for further processing. Modern airborne receivers typically utilize digital systems to process signals for correct identification. Because digitizers can only operate over a few GHz at a time, tuning strategies are necessary to cover large frequency ranges. One such strategy is to use an RF channelizer to detect if power is present within a certain bandwidth and trigger the digital system's tuning capabilities.
In this paper we propose a photonic RF channelizer utilizing an arrayed waveguide grating (AWG) implemented in silicon photonic integrated circuit (PIC) technology at Sandia National Labs. We assess the systemlevel performance of radar receiver using measured data from the AWG.
Photonic RF Channelizer
The left side of Figure 2 shows the photonic architecture where: is the laser power, is the RF input which could be directly from an antenna or a low-noise amplifier (LNA), is the bias voltage for the Mach-Zehnder modulator (MZM), ℎ is the time-domain impulse response of the AWG which determines the bandwidth of each channel, and is the photo-current. There is also an optical RF local oscillator (LO) block which will be discussed subsequently. Figure 2 also shows the fabricated Sandia National Laboratory 11-channel AWG along with the measured optical transmission (right). The device is a silicon PIC with 35 integrated waveguides and phase shifters achieving a 600 MHz 3-dB bandwidth with a total area of 1.1 cm 2 [1] .
Traditionally, optical filtering systems with passbands on the order of less than a few GHz-useful for RF applications-have used components such as fiber Bragg gratings (FBG) which cannot easily be integrated into a single chip or multi-chip package. With an integrated AWG, it is feasible to develop a 1-2 GHz passband channelizer with significant size reduction over conventional photonic approaches and achieve size and performance superior to state-of-the-art electronics. Additionally, by tuning the laser's center frequency the channelizer can be shifted to cover higher RF ranges given that the modulator is sufficiently fast.
There are two variations of the architecture shown in Figure 2 . Without the added Optical RF-LO Generation, the architecture functions as an RF channelizer with the RF-envelope being the output of the photodiode. Therefore, the photodiode's speed can be set by the RF-envelope modulation rate desired for a given channel-in most cases 1 GHz is more than sufficient. If the RF-LO block is included then RF down conversion is possible by generating a phase coherent continuous-wave (CW) sideband offset by the desired intermediate frequency (IF). For example, an optical CW tone offset from the carrier frequency by 9 GHz would down-convert a 10 GHz optical RF sideband to an IF of 1 GHz. In this case, the photo-diode speed is only required to be as fast as the desired IF center frequency plus the upper bandwidth of the channel required. Numerous photonic frequency conversion architectures have been demonstrated [2, 3, 4].
Measured Results and System Analysis
A full system model for RF-envelope detection was developed in MATLAB to determine the estimated system performance; the measured performance of the AWG chip was incorporated into the model. The output RFenvelope photo-current, , may be written as
where = ℜ /2, is the power loss through the MZM, ℜ is the responsivity of the photo-diode, are the dominate Bessel terms driven by an RF modulation term , is the optical carrier frequency, Ω is the input RF signal's frequency, and is the magnitude response of the AWG at specific frequencies. Additionally, the MZM was null-biased to suppress the optical carrier before the AWG. The signal-to-noise ratio (SNR) is determined by the ratio of RF-envelope photo-current to the photo-current noise, = / . Photo-diode noise current was modeled as a combination of shot, thermal, and RIN according to standard conventions [5] . For a RF receiver systems the probability of detection is a key performance specification (analogous to BER for communication systems). The probability of detection, , can be determined using the Albersheim equations [6] , 
In Eq. (2), is the false alarm rate and N is the number of incoherently integrated pulses. Figure 3 shows the modeled contours of the envelope detection system through one channel of the AWG (10 GHz, light blue from Figure 2 ). In the left panel, the RF input power was varied and the optical system has the following parameters:
= 20 , = 4.5 , = 4 , = 0.9 / , = 1 , an AWG insertion loss of 10 dB (average loss of fabricated device), and = −160 / (readily available in 100 mW commercial lasers). In general, = 1 follows the filter shape and measurement accuracy of the device from -10 dBm to approx. +10 dBm RF input powers. As the power increases, harmonics creep into the receiver processor according to the filter shape of the AWG.
We then fixed the RF input power at 0 dBm and scanned modulator Vπ from 1 to 10 Volts (using the same other optical parameters), Figure 3 (middle). Increasing Vπ has the effect of constricting the = 1 detection width of the system; a super-low Vπ=1V device would introduce harmonics even at +0dBm input RF power. If instead the laser power is scanned, Figure 3 (right), a similar system response is demonstrated: the = 1 detection width widens for higher power. Lower Vπ and/or higher laser power result in lower system noise figure, increasing detection width. The system model shows good channel isolation while achieving the SNR needed for near 100% probability of detection.
Conclusion
The measured results of an AWG chip along with the system implications for use as an RF channelizer were presented. In this work, the measured responses of an integrated silicon AWG were inserted into a system level RF receiver model. It was shown that integrated AWG's could provide certain levels of performance while significantly reducing the footprint over traditional RF channelizers requiring ultra-wide bandwidths of coverage. Full system measurements with the integrated AWG will be conducted in future experiments along with eventual field tests utilizing ultra-low SWAP airborne receiver payloads.
